Dipole source analysis suggests selective modulation of the supplementary motor area contribution to the readiness potential by Praamstra, P. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/23714
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
ELSEVIER Electroencephalography and clinical Neurophysiology 98 (1996) 468-477
Dipole source analysis suggests selective modulation of the supplementary 
motor area contribution to the readiness potential
P. Praamstra3'*, D.F. Stegeman3, M.W.I.M. Horstink“, A.R. Coolsb
aInstitute o f Neurology, University Hospital Nijmegen, R. Postlaan 4, 6525 GC Nijmegen, The Netherlands 
bDepartment o f Psychoneuropharmacology, University o f Nijmegen, Nijmegen, The Netherlands
Accepted for publication: 22 January 1996
Abstract
The readiness potential preceding voluntary movement is modulated by the mode of movement selection, i.e. it has a higher ampli­
tude preceding freely selected than before prescribed movements (Praamstra, P., Stegeman, D,F., Horstink, M.W.I.M., Brunia, C.H.M. 
and Cools, A.R. Movement-related potentials preceding voluntary movement are modulated by the mode of movement selection. Exp. 
Brain Res., i 995, 103: 429-439). One cortical area that is likely to be involved in this modulation is the supplementary motor area 
(SMA). Recent attempts to elucidate the neural generators of the readiness potential using spatiotemporal dipole source analysis, how­
ever, failed to establish a significant SMA contribution to the readiness potential. This might be explained by a failure of the proposed 
analyses to discriminate between SMA and motor cortex contributions to the readiness potential. We applied a dipole source analysis 
approach that better separates these overlapping source activities* The resulting source model includes an SMA source generating pre­
movement activity consistent with evidence from intracranial recordings in humans. The SMA source accounts almost completely for 
the modulation of the readiness potential by different modes of movement selection. On the basis of these results, the relation between 
scalp-recorded movement-related activity, intracranially recorded potentials, and findings from functional imaging studies of voluntary 
movement, appears more transparent than suggested by previous dipole source analyses of premovement potentials.
Keywords: Movement-related potentials; Readiness potential; Movement preparation; Supplementary motor area; Motor cortex; Spatio- 
temporal dipole source analysis
1. Introduction
*
The readiness potential preceding voluntary move­
ments has been used extensively in studies of movement 
preparation (e.g. Deecke and Kornhuber, 1978; Dick et 
al„ 1989; Lang et al„ 1989; Vidailhet et al, 1993). One of 
the reasons for the continuing interest in the readiness 
potential is related to the fact that the supplementary mo­
tor area (SMA) is one of its putative generators (Deecke, 
1987). Numerous cross-references between electrophysi- 
ological and regional cerebral blood flow (rCBF) studies 
of movement preparation have emphasized mutual sup­
port for an important role of the SMA in higher levels of 
movement organization (e.g. Orgogozo and Larsen, 1979; 
Lang et al., 1989; Deiber et al., 1991; Jenkins et al., 1992;
* Corresponding author. Tel.: +31 24 3613481; fax.: +31 24 3541122; 
e-mail: p.praamstra@czzoknf.azn.nl
Playford et al, 1992; Shibasaki et al., 1993). In line with 
this view, we have recently described a modulation of the 
readiness potential by different modes of movement prep­
aration. We found that the readiness potential is higher 
preceding freely selected movements than preceding ex­
ternally designated movements, which we attributed to 
differential involvement of the SMA (Praamstra et al., 
1995). Support for this claim is suggested by the absence 
of this modulation in Parkinson’s disease (Touge et al., 
1995; Praamstra et al., 1996). The present paper examines 
this claim through the application of dipole source analysis. 
An influential view on the neural basis of the readiness
I
potential attributes the premovement negativity to se­
quential activity in the SMA and the primary motor cor­
tex (MI) (for a review see Deecke, 1987). This view is 
challenged by the results of dipole source analysis, as 
recently applied to the readiness potential by different 
investigators. The presented source models include no
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SMA source at all (Botzel et al., 1993; Bocker et al., 
1994), or an SMA source that did not contribute to the 
4 p r e m o v e m e n t  negativity of the readiness potential (Toro 
e taU  1993), There are several possible explanations for 
the unexpected absence of premovement SMA activity in 
the proposed models. One is that the simple finger 
movements used to elicit the readiness potential engaged 
but little SMA activity. Alternatively, dipolar sources 
located in the SMA at both sides of the interhemispheric 
cleft might (partially) cancel each other (Lang et al., 
1991). We want to consider yet another explanation,
 ^ which is closely related to recent results from intracranial 
recordings of the readiness potential (Ikeda et al., 1992;
Rektor et al., 1994).
Results from intracranial recordings of the readiness 
potential, like the results from dipole source analyses, 
challenge the predominant view that the readiness poten­
tial is generated by sequential activation of SMA and ML 
But while the dipole source analyses failed to find signifi­
cant premovement SMA activity, intracranial recordings 
confirmed SMA activity preceding voluntary movements 
(Ikeda et al., 1992; Rektor et a l, 1994). However, this 
activity was not distinguishable, either in time course or 
amplitude, from the activity recorded over MI. In view of 
the very similar patterns of activity generated by SMA 
and MI, we hypothesize that the apparent absence of an 
SMA contribution to the premovement negativity of the 
readiness potential is due to a failure of the proposed 
source analyses to resolve SMA and MI contributions to 
the readiness potential.
We propose a dipole source analysis approach that 
better separates SMA and MI activity. The basic idea is to 
apply source analysis in two steps. In the first step the 
main sources responsible for the lateralization of the 
readiness potential are determined. The readiness poten­
tial has a lateralized distribution with higher amplitudes 
contralateral than ipsilateral of the limb that moves. Iden­
tification of neural generator(s) contributing to the lateral­
ized part of the readiness potential, including presumably 
MI, is simplified by the temporary elimination of the 
symmetrical part of the readiness potential. In the second 
step of our approach, the spatial parameters of the sources 
thus identified are fed into the subsequent analysis of the 
original readiness potentials.
Dipole source analysis was applied to readiness poten­
tial data collected in an experiment investigating different 
inodes of movement selection (Praamstra et al., 1995; 
Experiment 2). We chose the readiness potentials from 
this particular experiment because they exhibited better 
reafferent potentials, which we wanted to include to have 
an analysis of the entire complex of movement-related 
cortical potentials. The goal of the reanalysis of these data 
using dipole source analysis is, firstly, to provide evi­
dence for an SMA contribution to the scalp-recorded 
Readiness potential and to explain why other investigators 
¡did not find an SMA generator, and secondly, to investi-
gate whether the modulation of the readiness potential by 
different modes of movement selection can be attributed 
to the SMA.
2. Methods
Methods other than dipole source analysis are de­
scribed briefly. For a more comprehensive description, 
we refer to Praamstra et al. (1995).
2.7. Tasks
Subjects made flexion movements of the index or the 
middle finger of the left or the right hand, by pressing one 
of four response buttons. The experiment consisted of 8 
experimental blocks of 6 min duration each. There were 
two types of blocks. In the four ‘fixed1 blocks subjects 
pressed a designated button at a self-paced rate of once 
every 5-10 s. In the 4 ‘free’ blocks subjects could on each 
trial freely select one of the four movement alternatives. 
Fixed and free blocks alternated. Half the subjects began 
with a fixed and half with a free block.
2.2. Subjects
Sixteen right-handed subjects (7 men and 9 women) 
participated in the experiment. The subjects* mean age 
was 27 ± 5 years (range 2 1 —37 years).
2,3. Data acquisition
The EEC was recorded with Ag/AgCl electrodes 
placed at the midline sites Fz, Cz, and at 26 lateral sites, 
F3 and F4, FI and F2, FC5 and FCfi, FC3 and FC4, VC I 
and FC2, C5 and C6, C3 and C4, Cl and C2, CP5 and 
CP6, CP3 and CP4, CPI and CP2, P3 and P4, PI and P2. 
All electrodes were referenced to linked mastoids. Verti ­
cal and horizontal HOG were recorded bipohuiy from 
above/below the right eye and from the outer eanthi of 
each eye, Electrode impedance was kept below 5 kQ. 
EMC activity was recorded bipohuiy with electrodes at­
tached K cm apart to the flexor side of each forearm, HH(! 
activity was amplified using a bandpass of 0,016 <35 Hz 
(EMG 10-70 Hz) and digitized at a rate of 200 samples/s. 
Movement of each of the 4 buttons caused the closure of 
a switch, which delivered a trigger pulse used for averag­
ing. Trials contaminated by artefacts were removed prior 
to averaging. Electrical activity was averaged for an 
analysis period of 2750 ms starling 2250 ms prior to 
movement onset. The baseline was calculated from the 
first 250 ms.
2,4. Data analyses
Analogous to the conventional analyses on amplitude 
measures of the scalp-recorded readiness potentials
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(Praamstra et al., 1995), we analyzed dipole source 
strengths in a selected time window. Mean dipole mo­
ments were computed in the interval trom -800 to 0 ms. 
This interval was chosen after inspection of the source 
waveforms and on the basis of the results of conventional 
analyses. The mean dipole moments in this interval were 
compared using multivariate analysis of variance 
(MANOVA). The significance of F values was assessed 
using the conservative correction of Greenhouse and 
Geisser (1959). The analysis included Mode of Selection 
(fixed versus free), Response Side (left versus right) and
Source (MIconlraiate.raj, Mljpsiiaterai’ SMA source) as 
within-subject variables. An additional analysis with 
Mode of Selection and Source as variables was performed 
on the dipole sources for data created by averaging readi­
ness potentials for left and right hand movements (see 
below).
2.5. Dipole source analysis
The generators of scalp-recorded electrical activity 
cannot be uniquely determined, as an infinite number of 
different combinations of generators can explain a given 
set of data (Van Oosterom, 1991), However, source 
analysis techniques can be used to estimate the localiza­
tion and the activity of equivalent dipole sources account­
ing for multichannel bioelectric or biomagnetic signals. 
Whereas conventional approaches to this so-called in­
verse problem consider only single time instances 
(Fender, 1987), spatiotemporal dipole source analysis 
attempts to account for longer epochs of activity, assum­
ing that the underlying sources of recorded potentials 
have a fixed localization and orientation, whereas source 
strength varies over time. The estimation of source loca­
tions and source waveforms involves a volume conductor 
head model to approximate the conductive properties of 
the head. Based on such a model, dipole source locations 
and orientations are computed by iterative adjustment of 
these parameters, in order to find a ‘best fit’ solution 
which minimizes the residual variance between the activ­
ity derived from the source model and the measured data.
We used the brain electric source analysis method 
(BESA 2.0, 1994) for spatiotemporal dipole source 
analysis (see for discussion of the theoretical background: 
Scherg, 1990; Scherg and Berg, 1991; Scherg and Picton, 
1991), This method uses a 3-shell spherical head model. 
An important feature of the method is that it provides for 
several constraints on source locations and orientations, 
which can be used to guide the source analysis by imple­
menting anatomical and neurophysiological knowledge. 
Therefore, we describe the analysis procedure in some 
detail, and indicate where we used these constraints. The 
dipole source analysis of the readiness potentials was fo­
cussed on the time range between -1500 and 300 ms. The 
reported goodness-of-fit measures also concern the fit in 
this interval.
2.5.7. Derivation of lateralized movement-related activity 
Given the experimental design, basic data processing 
yielded 4 sets of waveforms for each subject, namely, 
readiness potentials preceding fixed and freely selected 
movements with the left and the right hand. Two addi­
tional sets of data were created by averaging readiness 
potentials for left and right hand movements. This was 
done after interchanging the left and right hemisphere 
potentials for the readiness potentials preceding left hand 
movements, in order to preserve the relation between 
scalp topography and side of movement. These two addi­
tional data sets (for fixed and freely selected movements, 
respectively) will be further referred to as left/right aver­
aged readiness potentials (see Fig. 1). They were created 
to improve the signal-to-noise ratio for the purpose of 
dipole source analysis (Uijen et al, 1994). For each of the 
6 data sets, grand averages were created across subjects.
In view of our hypothesis that dipole source analysis 
may fail to resolve MI and SMA activity, we isolated 
lateralized movement-related activity from non lateralized 
activity, expecting the lateralized activity to be generated 
mainly by MI. A similar approach was used by Heinze et 
al. (1994) for the analysis of attentional modulations of 
visual evoked potentials. To isolate the lateralized activity 
we computed the voltage differences between homolo­
gous electrodes over the left and right side of the head, 
and averaged the left-right difference for right-hand 
movements with the right-left difference for left-hand 
movements (Coles, 1989). This computation creates 13 
waveforms (one for each pair of homologous electrodes), 
which we projected (arbitrarily) on the left side of the 
head (see Fig. 2). The computation can be expressed in
formula as (Xt*) = [(X/ ~Xj + i)right-hand movement C ^ i+ 1 ”  
■^f)left-hand movement-]^5 where X j and X^ + \ are homologous 
electrodes over the left and right scalp, respectively. The 
13 waveforms were then copied onto the homologous 
electrode sites on the right hemi-scalp, and polarity in­
verted. In formula: (Xf + j)' = -(Xz)'. The resulting set of 
26 waveforms resembles a data set created by direct sub­
traction of readiness potentials preceding left and right 
hand movements, which also represents only lateralized 
movement-related activity. It only differs from the latter 
set in having a better signal-to-noise ratio. The isolation 
of lateralized from nonlateralized movement-related ac­
tivity was done separately for readiness potentials preced­
ing fixed and freely selected movements, using grand 
averaged waveforms.
2.5.2. Outline of dipole source analysis procedure
Derivation of lateralized movement-related activity, as 
described above, yields perfectly antisymmetrical wave­
forms over the left and right hemiscalp. This implies that 
data can be fitted by (pairs of) dipoles constrained to 
symmetrical locations in each hemisphere and to anti­
symmetric orientations. Generation of the lateralized 
movement-related activity was first explored using an
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Fig. 1. Superimposition of grand average readiness potentials preceding fixed (thin line) and freely selected movements (thick line). The layout of the 
traces reflects the arrangement of electrodes on the subjects’ heads. EMG is displayed in the lower right corner. The data represent readiness potentials 
for left and right hand movements, which were averaged after transferring the left and right hemisphere potentials to the opposite hemisphere for the 
readiness potentials preceding left hand movements. This preserved the scalp topography with higher amplitudes over the hemisphere contralateral to 
die hand that moves.
antisymmetrical pair of so-called regional sources. A re­
gional source consists of three dipoles that share the same 
location but have orientations in different planes (Scherg 
et al., 1989), Such a source can describe activity of any 
orientation within a particular region by a combination of 
the 3 dipoles. With our data, fitting a pair of regional 
sources located the centre of gravity of lateralized move­
ment-related activity approximately in MI (see Section 
3.1). As the constituting dipoles of each regional source 
seemed to represent functionally different activities, they 
were then released from their common location and fitted 
individually, maintaining symmetry constraints between 
left and right hemisphere dipoles. The resulting source 
configuration provided a plausible model of lateralized 
movement-related activity (see Section 3.2).
The original readiness potential data were then ap­
proached using the model fitted to the lateralized move­
ment-related activity. As this model comprised pairs of 
symmetrically located dipole sources with antisymmetri­
cal orientations, the dipoles in one hemisphere were ro­
tated by 180° to create a symmetrical model. Applying 
this model to the original readiness potentials implied that 
spatial source parameters initially remained fixed whereas 
source strength was adapted to the new data. Thus, the 
sources obtained for the isolated lateralized activity could 
(pairwise) contribute to the modelling of symmetrical 
activity. Conversely, sources in the initial model account­
ing for lateralized activity could appear redundant for the 
explanation of the original readiness potentials (see Sec­
tion 3.3).
The final dipole source model of the readiness poten­
tial, obtained using grand averaged waveforms, was sub­
sequently applied to the subject averages. Dipole source 
locations and orientations were not fitted again, given the 
considerably lower signal-to-noise ratio of the individual 
data sets. Dipole source strength, however, not being a 
fixed model parameter, could vary on the basis of the 
individual data characteristics. The final model was ap­
plied to each of the 6 sets of readiness potential data of 
each subject, allowing dipole strengths to be read out for 
statistical analysis (see Section 3.4).
3. Results
3.1.
The two anti-symmetric regional sources fitted to the 
lateralized movement-related activity assumed a position 
underneath scalp locations between electrodes C3 and Cl 
(left hemisphere) and between C4 and C2 (right hemi­
sphere). As the central sulcus is approximately under C3 
and C4 (Steinmetz et al., 1989), these are reasonable lo­
cations for sources that were expected to represent mainly 
primary motor cortex activity. The location differed 
slightly for the data from fixed and freely selected move­
ments, in that the source for the lateralized activity pre­
ceding fixed movements was located 4 mm anterior to the 
source for the freely selected movements. The differences 
in location on the x-axis (left-right) and the z-axis (height) 
were less than 1 mm.
3.2.
On releasing the three dipoles constituting each re-
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F 3/4 FI/2
FC5/6 FC3/4 FC1/2
4--------
C5/6 C3/4 Cl/2
CP 5/6 CR3/4
----------
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P3/4 PI/2
5 mV
-2000 ms
Fig. 2. Isolated lateralized movement-related activity derived from the 
readiness potentials preceding freely selected movements. The traces 
are grouped as if  recorded from electrodes over the left hemiscalp, As 
indicated by the labels with each trace, however, it concerns activity 
recorded between homologous electrode sites over both hemispheres, 
For dipole source analysis of the isolated lateralized movement-related 
activity, these same waveforms were projected with opposite polarity 
onto both hemispheres (see Section 2).
gional source, one source moved anteriorly, possibly rep­
resenting activity from lateral premotor or prefrontal cor­
tex (Fig. 3; source 1). A second source remained stably 
located just anterior to the central sulcus, explaining most 
of the lateralized premovement activity (Fig. 3; source 2). 
The location as well as the orientation of this source are 
consistent with activity in the anterior wall of the central 
sulcus corresponding to the hand area of ML The third 
source was active only after movement-onset, accounting 
for the reafferent activity elicited by the movement. The 
location was slightly more posterior than the expected 
location in the post central gyrus (Fig. 3; source 3). Dif­
ferent settings of the ‘energy constraint’ (implemented in 
BESA to prevent interaction between sources) influenced 
the location of source 3. If a stronger interaction of 
sources 2 and 3 was accepted, source 3 moved in anterior 
direction, closer to the postcentral gyrus. Modelling the 
lateralized movement-related activity provided compara­
ble source configurations for freely selected and for fixed 
movements, although the fit was marginally better (99% 
versus 95%) for the latter data set. As there were no prin­
cipled differences between the models for the two sets of 
data, we used the model for the lateralized activity pre­
ceding freely selected movements as initial model for the 
analysis of the original readiness potentials.
for freely selected and for fixed movements. Thi: 
the frontal and the postcentral source in the he  
ipsilateral to the moving hand to be redundant 
displayed no systematic pattern of activity. Thus, 
of the frontal source reduced the goodness-of-fi 
than 1%. Removal of the postcentral source, v 
not display the expected maximum after movem< 
reduced the goodness-of-fit by 2 and by 4% ir 
data sets. Comparison of the recorded potential; 
model waveforms still showed large differenc 
ever. Therefore, a new source was introduced i 
while keeping the other sources fixed. The ne 
consistently assumed a location in the froi 
midline and made the frontal source in the he 
contralateral to the moving hand redundant. In a 
tive procedure, the frontal source was fitted and 
move to the frontocentral midline. This source 
fitted simultaneously with the theta location oi 
sumed MI sources, yielding the model represent 
4 for the readiness potentials preceding freely 
movements. (Fitting the theta location involve 
ment of x and z location parameters of a sourc 
mains at a fixed eccentricity.) In the model for 
ness potentials preceding fixed movements, tY 
central source was located at a slightly greater 
ity, i.e. more superficial relative to the scalp.
1
t  2,5uVeff
-2000 ms 0
3.3.
The model for lateralized movement-related activity 
was applied to the left/right averaged readiness potentials
Fig. 3. Dipole source locations and orientations (right) 
source waveforms (left) for the isolated lateralized movi 
activity. Note that the figure represents only half the m ode  
visualization, the anti symmetrical sources in the other he 
left out.
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i
deeper location was considered more appropriate for a 
source  representing the SMA, we chose the model for 
freely selected movements as a general model for the 
an a ly s is  of subject averages. We checked, however, 
whether the results were different for the model for fixed 
movements, which was not the case. Application of the 
final model to the grand average readiness potentials for 
freeiy selected right and left, and fixed right and left hand 
movements, yielded goodness-of-fit measures of 97%, 
94%, 95%, and 91 %, respectively.
U
Applied to the subject averages, the same model ac­
counted for a considerably smaller percentage of the vari­
ance, i.e. 84 ± 9%, 82 ± 14%, 78 ± 15%, and 75 ± 17% 
(mean ± SD), The source strengths for each subject and 
condition were subjected to further statistical analysis in 
order to evaluate the rather selective modulation of the 
SMA source activity in the analysis of the grand averaged 
data. This modulation, as represented in Fig. 4, appeared
1
SuVeff
■2000 ms 0
Fig. 4. Dipole source locations and orientations (right), and dipole 
source waveforms (left) for the readiness potentials represented in Fig. 
1. Source activities accounting for the readiness potentials preceding 
fixed movements are drawn with a thin line, and the source activities
m
for the freely selected movements with a thick line. Mi activity contra­
lateral and ipsilateral to the hand that moves (i.e. the right hand) are 
clearjy different in amplitude. The contralateral MI shows a steeper 
slope in the last 700 ms, generating the NS#. Note the small amplitude 
of the SMA activity preceding fixed movements, and the similar time 
course of MI and SMA source activities.
Table 1
Dipole source moments (mean ± SD) of the sources that are active in 
the interval from -8 0 0  to 0 ms
Right hand movements Left hand movements
Fixed Free Fixed Free
Source MIC 
Source Mlj 
Source SMA
1,12 ± 0,63 
0.62 ±  0.48 
0.83 ±0.41
1.05 ± 0 .6 6
0.61 ±0.31  
1.39 ±  0.83
1.33 ± 0 .60  
0.72 ± 0.45 
1.00 ± 0 .53
1.42 ±0 .75  
0.82 ± 0 .42  
1.23 ± 0.70
Source strength is expressed in pL Veff defined as the strength required to 
produce a certain voltage at given scalp sites. Data are the individual 
subjects’ readiness potentials preceding freely selected and fixed 
movements of the left and the right hand. The table shows that in spite 
of the fact that the dipole source model o f  Fig. 4 has not an optimal fit 
when applied to the subject averages, it clearly brings out the selective 
modulation of SMA activity that was found when the model was ap­
plied to the grand averaged data.
to be more or less uniform in a time window from about 
-1000 to +50 ms. For the analysis we compared the di­
pole moments in the interval from -800 to 0 ms, as we 
have found the strongest effects in the conventional 
analysis of the scalp-recorded data in this interval 
(Praamstra et a l, 1995). The mean dipole moments of the 
sources active in this interval are listed separately for each 
different type of movement in Table 1. The analysis 
showed significant main effects for Mode of Selection 
(^(1, 15) = 8.40, P <  0.05), Response Side (F (h l5 )  = 
6.47, P < 0.05), and for Source (F(2, 30) = 7.82, P <
0.05). A significant interaction of Mode of Selection by 
Source (F(2y 30) = 7.76, P < 0.05) confirmed the SMA 
source to be responsible for the different readiness poten­
tials preceding fixed and freely selected movements. The 
main effect of Response Side was due to greater source 
strengths for left hand movements.
Given the relatively poor fit of the model obtained 
from grand averaged data when applied to the subject 
averages, we also applied this model to the left-right av­
eraged data from each subject. As the number of trials in 
this average was twice the number of trials in the separate 
averages for left and right hand readiness potentials, it 
had a better signal-to-noise ratio. The model’s goodness- 
of-fit with these data sets was also better, with values of 
86 ± 12% for the free selection condition and 82 ± 16% 
for the fixed condition. Analysis of the dipole moments 
showed again a significant main effect for Mode of Se­
lection (F(l, 15) = 7.42, P<0.05)  and for Source 
(F(2 ,  30) = 5.92, P < 0.05). Also the important interaction 
Mode of Selection by Source remained significant
(F(2, 30) = 7.22, P < 0.05).
4. Discussion
We have described a decomposition of scalp-recorded 
readiness potentials into dipole source potentials that rep­
resent the activity of specific brain areas. In contrast to
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several earlier modelling studies addressing the readiness
potential (Botzel et al., 1993; Toro et al., 1993; Bocker et 
al., 3994), we found a source located in the midline and 
contributing to the premovement negativity of the readi­
ness potential. Moreover, this source appeared to account 
for a modulation of the readiness potential by different 
modes of movement selection. We first discuss the diver­
gence between our results and previous dipole source 
analyses of the readiness potential. In this discussion we 
assume the midline source to represent the SMA. This is 
motivated, firstly, by the fact that the SMA is the only 
midline structure usually considered as a possible genera­
tor of the readiness potential, and secondly, by the fact 
that dipole source analysis based on a spherical head 
model does not allow very accurate localization. We ac­
knowledge that, in view of recent PET studies (e.g. Play- 
ford et al., 1992; Stephan et al., 1995), this source could 
represent composite activity from SMA and other struc­
tures in or near the frontocentral midline, like the anterior 
cingulate cortex.
Whatever the results of source characterization studies 
of movement-related potentials, the SMA can hardly be 
denied a role in voluntary movement. Premovement elec­
trical activity in the SMA has been recorded intrac rani ally 
in humans (Ikeda et al., 1992; Rektor et al, 1994), while 
PET and fMRI have shown SMA activation, even with 
simple movements (e.g. Colebatch et al., 1991; Shibasaki 
et al., 1993; Boecker et al., 1994). We suspected that the 
reason for the absence of premovement SMA activity in 
several previous dipole source analyses of the readiness 
potential, might be due to a failure to properly separate 
MI and SMA activity. This failure may lead to activity of 
MI and SMA being lumped together in one source. Alter­
natively, it may lead to an implausible distribution of ac­
tivity between symmetrical MI sources on the one hand 
and a source near the midline on the other hand. The first 
possibility seems to be exemplified in the model of B5tzel 
et al. (1993), in which presumed MI sources have a deep 
location relatively close to the midsagittal plane (see their 
Fig. 3C; see for a similar comment Lang et al., 1994). The 
second possibility compromises the model of Bocker et 
al. (1994), in which premovement activity is explained 
for only a very small part by MI sources, the remainder 
being accounted for by a deep source at an indeterminate 
location (see their Fig. 7). Another model, proposed by 
Toro et al. (1993) includes MI and SMA sources at plau­
sible locations. The temporal distribution of their activi­
ties, however, is somewhat less likely, with SMA activity 
being limited to the epoch after movement onset. In con­
trast to these 3 studies, an analysis by Tarkka (1994) does 
include an SMA source that contributes to the premove­
ment negativity of the readiness potential. The results are 
difficult to evaluate, however, since for unknown reasons 
the recordings did not comprise the entire readiness po­
tential, but included only 200 ms preceding (and 250 ms 
after) movement onset. It is not unlikely that the arbitrary
limitation of the analysis to that segment of the readiness 
potential where it has its highest amplitude, facilitated the 
separation of MI and SMA activity.
Several features of the dipole source analyses dis­
cussed in the previous paragraph point to the presence of 
premovement activity arising from the midline. The pres­
ence of such activity, albei* of low amplitude, is also ac­
knowledged by Botzel et al. (1993). The possibility of 
significant SMA activity being measured at the scalp is 
sometimes questioned, however. It has been argued that 
the two SMA areas being juxtaposed at both sides of the 
interhemispheric fissure, results in partial cancellation of 
their activities (Cheyne and Weinberg, 1989; Lang et al., 
1991; Botzel et al., 1993). However, intracranial record­
ings have shown that SMA activity predominates in the 
contralateral hemisphere (Ikeda et al., 1992). Taken to­
gether with the fact that the left and right SMA are un­
likely to be perfectly symmetrical, scalp recordings 
should be expected to pick up SMA activity. By simula­
tions based on these assumptions, we could indeed con­
firm the possibility of a resultant dipole field of left and 
right SMA that was explained by a radially oriented di­
pole in the midline. A radial source accounting for the 
resultant SMA activity is consistent with electrical record­
ings of movement-related activity (for review see Lang et 
al., 1994), and might explain why MEG recordings have 
not been able to confirm movement-related SMA activity 
(Cheyne and Weinberg, 1989; Kristeva et al., 1991).
As there is a considerable amount of evidence for pre­
movement SMA activity, and, in our view, sufficient evi­
dence that it can be measured at the scalp, we conceived a 
new approach to isolate the SMA activity. Our method of 
separating MI and SMA activity represents a principled 
way to reduce the complexity of an inverse problem by 
partitioning it into parts that are easier to manage. A 
similar approach was used by Heinze et al. (1994) in 
analyzing visual event-related potentials. For the readi­
ness potentials as well as the visual event-related poten­
tials, the partitioning was achieved using the lateralization 
of these signals in different experimental conditions. The 
procedure is simple and principled, but it is still not 
wholly effective in separating the MI and SMA contribu­
tions to the readiness potential. This is illustrated by the 
way our model accounts for the motor potential (MP), 
representing the steep increase of the readiness potential 
just before movement-onset. It is known from intracranial
recordings of the readiness potential (Ikeda et al., 1992)
i
that both the SMA and MI generate an MP. In our model, 
however, MP activity is not distributed between MI and 
SMA sources, but entirely explained by the SMA source 
(see Fig. 4). In other respects, in particular the amplitude 
relation between SMA and MI activity and the relation 
between contra- and ipsilateral MI activity, the model is 
in fair agreement with the intracranial data. Noteworthy, 
only the contra- and not the ipsilateral MI source becomes 
steeper at about 700-800 ms before movement onset,
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which marks the (rather early) beginning of the readiness 
potential segment conventionally labelled as negative 
slope (NS') (Shibasaki et al., 1980).
The model’s still inadequate explanation of the MP
underscores the difficulty of separating source activities 
lhat have the same time course. The limited power to re­
solve these activities prohibited simultaneous fitting of all 
MI source parameters obtained in the first step and the 
SMA source obtained in the second step of our approach. 
However, it should be noted again that this does not im­
ply, and that it is not assumed in our approach, that the 
MI only generates the lateralized part, and the SMA the 
symmetrical early development of the readiness potential. 
The only assumption is that there are lateralized sources 
[hat contribute to the asymmetry of the readiness poten­
tial. Their identification is obviously facilitated by the 
temporary removal of symmetrical activity, while it is in 
no way excluded that they can contribute to this activity 
when it is reintroduced. Similarly, the midline (i.e. SMA) 
source that is added in the second step of the analysis is 
not prevented to contribute to the lateralization of the 
readiness potential. These features can be clearly recog­
nized in the final model, as illustrated in Fig. 4.
An apparent limitation of the two-step modelling pro­
cedure seems the inability to account for asymmetries of 
the left and right motor cortices, since the first step of the 
analysis collapses the activity preceding left and right 
hand movements. In effect, however, asymmetries can 
still be incorporated in the second step of the analysis 
procedure, by releasing selected source parameters from 
the initial symmetry constraint. Provided there is a high 
signal-to-noise ratio, asymmetries can also be taken into 
account by isolating the lateralized movement-related 
activity not by the method that we used, but by subtract­
ing readiness potentials preceding left and right hand 
movements (see Section 2). Finally, it should be noted 
that most of the spatiotemporal dipole source models that 
have been proposed to date, were limited by the use of 
symmetry constraints on the MI source locations or on the 
locations and orientations (Botzel et al, 1993; Toro et al., 
1993; Bocker et al., 1994).
To evaluate our approach, some additional information 
is required regarding the results obtained when the two 
step procedure for the separation of MI and SMA activity 
was not applied. Notably, when we fitted a pair of sym­
metrically located dipoles to model premovement MI 
activity, these dipoles assumed deep locations close to the 
midline, comparable to the findings of Botzel et al. 
(1993), This indicates that our identification of an SMA 
source cannot be attributed only to the specific movement 
conditions we used, though these conditions were de­
signed to have differential effects on SMA activity 
(Praamstra et al., 1995). Rather, the key to uncover the 
SMA contribution to the readiness potential seems indeed 
the accurate characterization of MI activity, such that 
SMA activity is not spuriously projected on sub-optimal
MI sources. An adequate description of MI activity by our 
data might be compromised by the absence o f electrodes 
at frontal areas anterior to the line F3-Fz-F4, where the 
readiness potential may change polarity (Botzel et al., 
1993). However, the estimation of MI sources from the 
isolated lateralized movement-related activity does not 
appear to be affected by this limitation, as witnessed by 
the highly plausible solution it yielded for these sources, 
which is consistent with the characterization of MI activ­
ity by MEG studies (Cheyne and Weinberg, 1989; Kris- 
tevaetal., 1991; Salmelin et al., 1995).
In order to describe MI activity as accurately as possi­
ble, across-subject averages of the isolated lateralized 
movement-related activity were used. We should point 
out that this is almost inherent in this approach, given the 
fact that the lateralized activity is of rather low amplitude. 
Note, however, that the statistical evaluation of dipole 
moments reproduced key results from the conventional 
analyses of the scalp recorded activity, i.e, the modulation 
of the readiness potential by the different modes of 
movement selection, and the distribution of this modula­
tion near the midline (cf. Praamstra et alM 1995), This 
correspondence strongly suggests that the grand averaged 
data yielded a dipole model that adequately represents the 
average source configuration in our subjects.
The dipole source model that we propose not only 
vindicates an SMA contribution to the readiness potential, 
it is also specific regarding the nature of the SMA activa­
tion. The SMA source’s contribution to the readiness po­
tential differs from the view suggested by Deecke and co­
workers, in which SMA and MI are activated sequentially 
(Deecke, 1987). The model is in close agreement, on the 
other hand, with the intracranial recordings reported by 
Ikeda et al. (1992), showing simultaneous activity of 
SMA and MI. We do not believe, however, as Ikeda and 
colleagues do, that simultaneous activation of SMA and 
MI is incompatible with a ‘supramotor’ function of the 
SMA. In fact, the finding that the modulation of the 
readiness potential with different modes o f  movement 
selection is almost completely explained by the SMA 
source in our model, represents strong support for a role 
of the SMA in higher levels of movement organization. 
Further support comes from Deiber et al. (1991), who 
found rCBF differences between tasks with fixed versus 
freely selected movements mainly in p re mo tor and pre- 
frontal areas, whereas MI activity was the same for both 
types of movements. Among the different areas affected 
by the task differences, the SMA was modulated most 
strongly, with smaller changes found in the lateral premo­
tor cortex, the dorsolateral prefrontal cortex, and the an­
terior cingulate cortex. The presence of additional areas 
showing rCBF changes between fixed and freely selected 
movements raises the interesting question whether these 
areas might also contribute to the generation of the readi­
ness potential. Although we have no direct evidence sug­
gesting additional generators in lateral premotor and pre-
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frontal areas, it is not impossible that more refined meth­
ods of source analysis, incorporating realistic head mod­
els and source descriptions (e.g. Dale and Sereno, 1993),
might reveal a more detailed picture.
In conclusion, using spatio-temporal dipole source 
analysis we identified an SMA contribution to the scalp- 
recorded readiness potential. Preceding simple repetitive 
movements of a designated finger, the SMA contribution 
is rather small, which partly explains why it is difficult for 
dipole source analyses to resolve MI and SMA activity. 
Preceding movements of freely selected fingers, SMA 
activity is increased during its entire time course, whereas 
MI activity remains almost unchanged. The selective 
modulation of SMA activity with different modes of 
movement selection is in agreement with existing PET 
evidence obtained in similar tasks. The present evidence 
concerning the timing and modulation of SMA activity, 
extracted from scalp-recorded potentials by means of 
spatio-temporal dipole source analysis, illustrates the use­
fulness of neurophysiological measures complementing 
neuro-imaging studies.
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